The influence of urbanization on vegetation phenology is gaining considerable attention due to its implications for human health, cycling of carbon and other nutrients in Earth system. In this study, we examined the relationship between change in vegetation phenology and urban size, an indicator of urbanization, for the conterminous United States. We studied more than 4500 urban clusters of varying size to determine the impact of urbanization on plant phenology, with the aids of remotely sensed observations since 2003-2012. We found that phenology cycle (changes in vegetation greenness) in urban areas starts earlier (start of season, SOS) and ends later (end of season, EOS), resulting in a longer growing season length (GSL), when compared to the respective surrounding urban areas. The average difference of GSL between urban and rural areas over all vegetation types, considered in this study, is about 9 days. Also, the extended GSL in urban area is consistent among different climate zones in the United States, whereas their magnitudes are varying across regions. We found that a tenfold increase in urban size could result in an earlier SOS of about 1.3 days and a later EOS of around 2.4 days. As a result, the GSL could be extended by approximately 3.6 days with a range of 1.6-6.5 days for 25th~75th quantiles, with a median value of about 2.1 days. For different vegetation types, the phenology response to urbanization, as defined by GSL, ranges from 1 to 4 days. The quantitative relationship between phenology and urbanization is of great use for developing improved models of vegetation phenology dynamics under future urbanization, and for developing change indicators to assess the impacts of urbanization on vegetation phenology.
Introduction
The influence of urbanization on terrestrial ecosystems is of great importance because of the potential adverse impacts of global climate change and growing population on ecosystems and urban systems (Running, 2008; Piao et al., 2009; Shen et al., 2011; Xia et al., 2015) . Numerous studies have confirmed the impact of climate conditions, notably temperature and precipitation, on both systems and the potential consequences of resulting changes on human health, energy systems, and cycling of carbon and nutrients (Schwartz, 1998; White et al., 1999; Zhang et al., 2004a; Piao et al., 2008; Buyantuyev & Wu, 2012; Cong et al., 2012) . Changes in vegetation phenology can influence terrestrial ecosystems themselves by affecting their primary production, cycling of nutrient and water, and also affect adversely other ecosystem services (Costanza et al., 1997; Piao et al., 2009; Brown et al., 2010; Zhao & Running, 2010; Dragoni & Rahman, 2012) . Therefore, scientific studies of vegetation phenology in response to climate and other human activities (e.g., landscape transformations due to urbanization) have been widely carried out to elucidate the regional and global implications of these changes on people and ecosystems.
Although phenology change in natural system has drawn much attention at the regional and global scales, studies of impacts of anthropogenic activities on vegetation phenology are limited, mainly focusing on local area or individual cities (Jochner & Menzel, 2015) . In fact, urban systems have significant impacts on both humans residing in them and ecological systems within and surrounding them, through urban expansion, urban environmental conditions (e.g., heat island), biodiversity, and public health (Peng et al., 2012; Clinton & Gong, 2013; Li et al., , 2015 Liu et al., 2014; Wu, 2014; Da Silva et al., 2015) . The composition and dynamic of land surface vegetation affect urban system and their functions (Han & Xu, 2013) . High intensity of human activities differentiates urban environment from ambient rural areas, with distinct urban heat island or highly heterogeneous surface climate conditions (Zhou et al., 2004; Bounoua et al., 2015) , which will differentiate the phenology characteristics of vegetation in the urban from that in surrounding rural areas. For instance, the increased urban temperature can enhance the duration of vegetation greening which in turn affects the public health due to extended period of pollen production and the allergy season (Lu et al., 2006; Neil & Wu, 2006; Jochner & Menzel, 2015) . In addition, any significant change in vegetation phenology will affect water, nutrients, and carbon cycles in the urban and surrounding rural systems, thus affecting the energy and mass fluxes between the terrestrial ecosystem and atmosphere (Hutyra et al., 2011; Duren & Miller, 2012) .
Available datasets for phenology studies and change detection include long-term site-based observations of specific plants (Luo et al., 2006; Jochner et al., 2013) , and/or phenology change indicators based on remotely sensed vegetation characteristics (White et al., 2002; De Beurs & Henebry, 2004; Cong et al., 2013; Zhou et al., 2016) . The in situ observations of phenology are relatively high quality but limited in their spatial coverage, while the remote sensing-based phenology data are able to capture consistently the spatial-temporal patterns of phenology change over a large area. Many approaches have been developed for obtaining vegetation phenology information from time series of remotely sensed vegetation index (White et al., 2002; Zhang et al., 2003; Cong et al., 2012; Eklundha & J€ onssonb, 2012; Zhao et al., 2016) . These studies establish a good scientific foundation to examine further the relationship between urbanization and vegetation phenology change in a spatially explicit way. For example, the relationship between urban phenology and surface temperature (or heat island), including the spatial patterns or temporal trends, has been extensively explored (White et al., 2002; Zhang et al., 2004b; Cong et al., 2012; Han & Xu, 2013; Zhou et al., 2016) . A strong correlation between phenology and surface temperature has been observed widely for a variety of cases. Also, phenology responses in urban, suburban, and rural (Zhang et al., 2004b; Zhou et al., 2016) , as well as latitudinal profiles of biomes at the regional scale (Imhoff et al., 2010; Jochner et al., 2011; Walker et al., 2015) , have been carried out in ecosystem-human interaction studies.
As a direct indicator of urbanization, urban size (or area) reflects the intensity of human activities within a given region. However, the relationship between urban size and phenology is still unknown, and offers an opportunity to be studied for assessing the impact of urbanization on phenology under different regional and global socioeconomic development scenarios in future. Many environmental variables (e.g., temperature, precipitation, and soil moisture) simultaneously influence the vegetation phenology in urban environment in a more physical way. However, the real mechanisms driving the phenology change are complicated and vary case by case (Jochner et al., 2011; Garonna et al., 2014) , which probably limits their application at large-scale phenology studies, particularly in urban regions with a high degree of spatial heterogeneity. Hence, the relationship between urban size and vegetation phenology in an urban environment can help assessing the regional-or global-scale phenology studies caused by urbanization, which can be regarded as an approximate indicator to link the processes of urban expansion and phenology change (Li & Gong, 2016) .
The main objective of this study was to examine the relationship between vegetation phenology and urbanization as defined by urban size, and to answer the following questions: (1) What are the spatial characteristics of vegetation phenology in urban and rural areas in the conterminous United States? (2) How does the vegetation phenology respond to urbanization as defined by urban size? Our working hypothesis is that by answering these questions, we will be able to develop phenology change indicator(s) that capture phenological responses of terrestrial ecosystems to the urbanization for assessment of their impacts on human health and energy systems and for design and development of future urban systems.
Materials and methods

Remotely sensed dataset
We focused our study on the conterminous United States during the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . The main datasets we used include urban clusters, land cover types, and vegetation phenology indicators. The urban clusters for year 2012 were derived from the Defense Meteorological Satellite Program/ Operational Linescan System nighttime light data using a cluster-based method by estimating optimal thresholds of clusters according to their size and overall nightlight magnitude (Zhou et al., 2014 (Zhou et al., , 2015 Fig. 1a) . We examined the urban cluster series over a decade from 2003 to 2012 and did not find significant urban expansion in the conterminous United States. Therefore, we used the urban cluster map of 2012 in phenology response analyses. The land cover data are from the Moderate Resolution Imaging Spectroradiometer (MODIS) product MCD12Q1 for the same period of 2003 -2012 see (Fig. 1b) ). The vegetation types of initial International Geosphere Biosphere Programme (IGBP) in MCD12Q1 (Belward et al., 1999) were aggregated into seven main categories: evergreen forest (EF), deciduous forest (DF), mixed forest (MF), shrubland (SB), savannas (SV), cropland (CP), and natural mosaic (NM) (i.e., their spatial distributions can be found in Fig. S1 ). We chose urban clusters derived from nighttime light dataset rather than urban and built-up type classes used in MODIS product MCD12Q1 for two reasons (Zhou et al., 2013) : (1) the urban extent in MODIS land cover product is for early 2000s period (Schneider et al., 2009) ; and (2) the urban extent defined by the cluster regardless of their internal spatial heterogeneity thus can provide a distinct boundary between urban and rural areas, that is, the urban environment is dominated within each cluster, and the outside of the cluster belongs to suburban/rural areas. We resampled the 1-km urban cluster map into 500-m grid using a nearest neighbor approach to be consistent with other MODIS datasets.
Vegetation phenology was derived from MODIS land cover dynamic product MCD12Q2 (Ganguly et al., 2010) . Correspondingly, we picked the sequence from 2003 to 2012 for consistency and to avoid possible bias due to a choice of selecting years individually. Phenology transition dates, including onset, maximum, and declining greenness, and its minimum were identified using a sigmoid function that was fit to the Enhanced Vegetation Index (EVI) time series for a given year (Huete et al., 2002; Zhang et al., 2003) . This dataset has been validated with field observations (Zhang et al., 2006) , and used for regional studies (Zhang et al., 2004a) . In this study, we focused on three phenology indicators, the start of growing season (SOS), end of growing season (EOS), and the growing season length (GSL), to explore the relationship between urbanization and vegetation phenology. The SOS and EOS correspond to the dates of onset and end of photosynthetic activity, respectively, and GSL is defined as the duration between EOS and SOS. To reduce the uncertainties in the analysis, we excluded extreme values in the phenology data using loosely determined thresholds according to previous studies (Zhou et al., 2016) . Considering the definition difference of phenology transition dates between methods of Zhou et al. (2016) and Zhang et al. (2003) , we slightly adjusted these thresholds with a temporal lag of 20 days between these two definitions as: Pixels with SOS earlier than the 30th day of year or later than the 180th day of year were excluded from our analysis. Similarly, EOS was constrained to 240th and 350th day of the year (Zhang et al., 2006; White et al., 2009) . Figure 2 illustrates these three phenology indicators after noise removal. Overall, the southeastern region of the United States shows a relatively earlier SOS and later EOS compared with other regions, resulting in a longer GSL for this region.
Phenology change
It is very important to define the boundaries of urban and rural areas in examining the response of phenology to urbanization. Previous studies have defined the rural area as a buffer extending from the urban center (Imhoff et al., 2010; Peng et al., 2012; Zhou et al., 2016) . However, this definition lacks a unified standard of buffer radius due to varying urban sizes among different urban clusters. In this study, we delineated the rural extent by keeping its size to be the same as the urban extent. That is, we slightly increased the radius of rural extent based on the initial shape of urban clusters until the rural area equaled to its corresponding urban size. The advantage of this approach is that the rural area is the same as its associated urban size among different urban cluster sizes, no matter how large or small these clusters are. We excluded the clusters smaller than 10 km 2 due to their relatively small size. In total, there are more than 4500 urban clusters in our analysis. The urban clusters and rural buffers in United States and three enlarged example areas are shown in Fig. 3 . The phenology response to urbanization was calculated as the difference between phenology of urban and rural areas for each urban cluster (Eq. 1):
where DP is the difference of three phenology indicators (i.e., SOS, EOS, and GSL) in the urban ðP ub Þ and rural area ðP r Þ. A positive DP in terms of EOS and GSL, or a negative DP in case of SOS, indicates the impact of urbanization process on vegetation growing cycle and phenology (i.e., earlier SOS, later EOS, and longer GSL). In addition, given that urban clusters may include different vegetation types, we examined the phenology response to urbanization for each of seven vegetation types identified earlier. We used those clusters that share the same dominant vegetation type (covering the largest area)
shown between each urban area and its associated rural area for comparison. Thus, the phenology difference between each urban and rural cluster is mainly derived from their response to urbanization, and other possible influence factors such as vegetation type are reduced in this comparison scheme.
Phenology response to urbanization
We investigated the response of phenology to urbanization by examining the relationship between urban size, and the difference of GSL ðDGSLÞ in urban and rural areas. The DGSL captures the changes in both SOS and EOS. We also examined the response of phenology to urbanization for seven vegetation types in nine climate zones (i.e., derived from: https:// www.ncdc.noaa.gov/monitoring-references/maps/us-climate- regions.php.) to explore the difference in their phenology patterns in urban and rural areas. Due to the complicated urban surface cover types, we implemented a binning procedure before exploring the relationship between urban size and phenology (Zhou et al., 2013) . That is, by dividing the whole range of urban clusters into bins according to the size, the mean values of DGSL for all of the clusters within each bin are more representative and suitable for further analysis. We tested different numbers of bin widths (i.e., 100, 500, 1000) to examine the obtained patterns and their impact on our conclusions. In addition to using the average of phenology indicators in each bin, we examined the phenology responses at different quantile levels (i.e., 25th, 50th, and 75th) to assess the uncertainty of obtained trends (Portnoy, 2003; Arianos et al., 2011; Zhou et al., 2013) . Unlike ordinary least square regression, quantile regression estimates the conditional median or other quantiles of the response variable. Therefore, it can provide more complete trend estimation at different quantile levels (Cade & Noon, 2003) .
Results
Phenology of urban and rural areas
The selected phenology indicators (i.e., SOS, EOS, and GSL) show a distinct difference in urban and rural areas, at the United States national level (Fig. 4) . The scatter represents the variation in phenology for the decade of study (i.e., 2003-2012) . Overall, the changes in phenology of urban and rural areas with similar climate conditions appear to be highly correlated, with scatters center around the 1 : 1 line with R-squares values of >0.8. The slopes in Fig. 4 were expressed as the mean for a 95% confidence range. The three phenology indicators show significant differences between urban and rural areas, and the differences vary with each indicator. The SOS occurs earlier in urban regions as suggested by the slope of <1 (i.e., 0.93) for the regression line. This is probably due to the increased temperature around urban area caused by urban heat island (Imhoff et al., 2010; Zhou et al., 2016) . For EOS, although the gap between urban and rural area is not so distinct as SOS, it has a slope of >1, suggesting a delayed EOS for urban region. As a result, the GSL is extended in urbanized area, due to a combination of earlier SOS and later EOS. Nevertheless, it should be noted that some urban clusters exhibit an opposite pattern, which is likely caused by their heterogeneous local conditions, such as land cover, and vegetation types, and/or climate conditions. The spatial patterns of urban clusters and phenology indicators (Fig. 5) capture the impacts of urbanization (urban size) on phenology, particularly for some metropolises. The SOS for urban clusters such as Chicago, Los Angeles, Dallas, and New York is advanced when compared to their corresponding rural areas (see Fig. 5b , clusters with DSOS \ 0). For example, the greening in New York occurs about 7 days earlier than that surrounding rural area, which is in accordance with findings of Zhang et al. (2004b) , ranging from 5.5 to 8.7 days, within the extent of 10-km buffer around the city. Similarly, the EOSs for these urban clusters are also extended (see Fig. 5d , clusters with DEOS [ 0). Consequently, the GSL for these metropolises has increased (see 
Phenology difference by vegetation types
The GSL for different vegetation types shows a distinct difference between urban and rural areas (Fig. 6) . The phenology indicators of dominant vegetation type in the same urban and rural clusters were compared with the mean values for multiple years. The GSL increase for croplands is slightly higher than other vegetation/ land cover types. The DF and MF types have relatively smallest increase in GSL (+2.0~2.8 days), followed by EF, SB, SV, and NM types (+4.3~4.7 days). The mean phenology difference (GSL) between urban and rural area for all vegetation types combined is 9 days, which is closer to values reported by White et al. (2002) . They reported an extended growing season of 7.6 days for urban areas of Eastern United States. The SV and CP contain more extreme values, as illustrated by the deviation lines extending far beyond the box (i.e., 25th7 5th quantile levels), Fig. 6 . This is probably due to the local conditions as well as the phenology difference due to the vegetation types (Brown et al., 2010; Dragoni & Rahman, 2012) . The croplands had the largest increase in DGSL (+15.2 days), which is consistent with previously reported average differences of about +19.6 days between urban and cropland for North American region (Zhang et al., 2004a) . The GSLs in urban areas are greater than that in rural areas, for all vegetation types. Both the median (i.e., the central mark of box) and the mean (i.e., texts colored black) values confirm this trend, with increased GSL ranging from +2.0~15.2 days. It should be noted that croplands do not reflect well on the increasing and/or decreasing GSL due to high disturbance caused by harvest, which is more distinct in rural areas with shortened EOS (White et al., 2005; Buyantuyev & Wu, 2012) . However, many studies reported that croplands are the main source of land transformation as a result of socioeconomic development and population growth (Zhang et al., 2004b; Buyantuyev & Wu, 2012; Zhou et al., 2016) . Therefore, we included the changes in croplands phenology as a part of our analyses.
Phenology responses to urbanization for U.S. climate zones
Response of phenology to urbanization varies by vegetation types and climate zones (Fig. 7) . The processes of green leaf onset and decline are closely related to factors such as temperature, precipitation, soil moisture, nutrients, photoperiod, or chilling (Jochner & Menzel, 2015; Tang et al., 2016) . For example, most areas covered by EFs in urban environment are distributed in the Western United States, and a combination of climate (e.g., temperature change along the latitude) and vegetation interactions due to local environmental variables probably is a main contributing factor for the enhanced phenology response (Zhang et al., 2006; Jochner et al., 2011; Dallimer et al., 2016) . For example, the mean increase in ΔGSL for Northwest and West North Central is 3.5 days whereas it is 6.2 days in West and southwest part of United States. Most areas covered by DFs are located in Central, Northeast and Southeast (Melaas et al., 2016) regions of United States, and their response to urbanization is relatively stable with increase in ΔGSL ranging from 1.9 to 2.5 days. Croplands are distributed across the entire United States; however, the increase in ΔGSL in the Western region (i.e., Northwest, West, and Southwest) was about 5 days on average which is notably lower than 15 days for Northeastern region (i.e., Upper Midwest, Central, Southeast, and Northeast). This difference in phenology response to urbanization from West to East is due to a combination of change of climate, vegetation types, and human activities (Zhang et al., 2006; Xin et al., 2015) . For example, most irrigation activities occur in the Central and Northeastern regions (Ozdogan & Gutman, 2008) . Also, agriculture managements are varying among regions; that is, for the same species (e.g., oats), the growth period in Pennsylvania and Iowa is quite different. Meanwhile, the spatial distribution of crop species is heterogeneous among these climate regions (Damage, 2002) . The increase in ΔGSL due to urbanization for NM area is more consistent over different climate zones from West to East, with a range of 2.9-4.8 days. Overall, the effect of urbanization on vegetation phenology is positive resulting in extended GSL across all climate zones, with specific difference highlighted before (Zhang et al., 2006) . 
Phenology response to urbanization
The changes in three phenology indicators (i.e., DSOS, DEOS, and DGSL) show distinct trends with the urban size, an indicator of urbanization, despite the variance in phenology of different size urban clusters (Fig. 8a-c) . The difference of SOS between urban and rural areas is decreasing with the increased urban size, whereas for EOS and GSL, they are increasing with the larger size urban clusters (i.e., the trend lines in Fig. 8a-c) . Most urban clusters considered in this study fall in the range of 1.5~3 (log10 urban size), and exhibit a high density of urban clusters (the first row in Fig. 8) . Patterns of phenology indicators and urban size are quite similar to those reported in studies on urban heat island over different European cities (Zhou et al., 2013) . This suggests that even though the background temperature is the same, the exhibited heat island intensities are different. Figure 8d provides a quantitative analysis of the phenology response to urbanization with a bin number of 100; each dot indicates the mean of phenology indicators for all the urban cluster within the same bin. At the national level, an urban size expansion by approximately tenfold increase in area will result in an earlier SOS about 1.3 days, a delayed EOS around 2.4 days, and an extended GSL closer to approximately 3.6 days.
The patterns of phenology response to urbanization derived from different bin widths are relatively stable with a decreasing trend for SOS and an increasing trend for EOS and GSL due to increasing urban size (Fig. 9) . This is consistent with the results obtained for all urban clusters combined (Fig. 8) . We focused mainly on the urban size range of 1.5~3 for this analysis because it covers more than 90% of the total urban clusters and can help reduce the influence of outliers such as very large clusters. In addition, we used the binning procedure to capture the overall (mean) pattern of phenology at different urban size levels. We should note that although the trends are consistent, however, the details for three different bin numbers of 100, 500, and 1000 are somewhat different (Fig. 9) . The bin number with 1000 exhibits more fluctuations than that with 100 bins, suggesting that a more general and smoothed pattern can be acquired with a wider bin. By comparing the two horizontal dotted lines (i.e., gray and black, which approximately represent the range of phenology indicator change in response to the urban size growth) in Fig. 9 , we found that DSOS approximately decreases from À5 to À10, DEOS increases from 0 to 10, and DGSL increases from 5 to 20 days by a tenfold increase in urban size. Therefore, we chose the bin number of 100 to investigate the phenology response to urbanization as it still can reflect the overall trend with sufficient details.
Phenology response to urbanization by vegetation types
The response of phenology to urbanization varies among different vegetation types (Fig. 10) . In general, the change in DGSL is correlated with increase in urban size, that is, the regressed curves are consistently increasing along with the extended urban size for all vegetation types. For different vegetation types, the phenology response to urbanization ranges from 1.3 to 3.8 days in terms of increased ΔGSL with a tenfold increase in urban size using a linear regression model; however, this response is also affected by vegetation types. For most vegetation types, the response of Fig. 9 The phenology response to urban size for the three (100, 500, and 1000) bin numbers. [Colour figure can be viewed at wileyonlinelibrary.com]. phenology to urban size ranges from 1.3 to 1.9 days. Nevertheless, for EF and SB, the slopes of lines in Fig. 10 are slightly higher with values of 2.3 and 3.8, respectively. This difference is most probably due to the influence of different local climate conditions. Overall, the urbanization process enhances the phenology of urban area as compared with their surrounding rural area.
Uncertainty analyses
The overall quantile regression at different levels (25th, 50th, and 75th) with a binning procedure (i.e., bin number is 100) for phenological differences confirms the impact of urbanization on vegetation phenology for all urban clusters in the conterminous United States (Fig. 11) . For the 25th and 50th quantile levels, there is a clear correspondence between urban size increase and changes in vegetation phenology, that is, DGSL increases by about 1.6~2.1 days with an urban size increase of tenfold, whereas for the 75th quantile level, the response of phenology to urbanization is more notable with a value of 6.5 days. The results obtained for different quantile levels indicate an unequal variation for different urban clusters. This is a reasonable outcome because we focused on the empirical relationship between urban size and phenology change, which may be directly affected by urban heat island (Imhoff et al., 2010) . Other contributing factors may include temperature, precipitation, or plant physiology (Cade & Noon, 2003; Wu, 2014; Jochner & Menzel, 2015 ) that we did not examine in details in this study. The quantitative relationship between urban size and phenology indicators suggests that for a tenfold increase in urban size, the corresponding DGSL varies from 1.6 to 6.5 days for quantile levels of 25th~75th, respectively, with a median value of 2.1 days.
The quantile analysis also shows different patterns among different vegetation types (Fig. 12 and Table 1) . Overall, the response of phenology (DGSL) to urbanization is the most outstanding at the 25th quantile level. Moreover, different vegetation types exhibit different responses at different quantile levels. For instance, the quantile regression curve of NM is almost parallel, which indicate a consistent urbanization effect on phenology for these vegetation types. For EF, the regressed patterns are varying at different quantile levels (i.e., the discontinuous bin curve is probably due to the limited number of urban clusters with this dominate vegetation type). In addition, for the 25th and the 50th quantile levels, their responses to urban size are more similar, which is considerably different from the 75th level (see Fig. 11 ).
The response of phenology to urban size for individual year in our study period (i.e., 2003-2012) also confirms our findings and conclusions from the multiple years ( 
Discussion
We investigated the response of vegetation phenology (i.e., SOS, EOS, and GSL) to urbanization over the conterminous United States, based on more than 4500 urban clusters of varying size during 2003-2012. The phenology difference between urban and rural areas and the phenology responses to urban size were analyzed for major vegetation types present throughout United States. We used a binning procedure to comprehend the overall pattern of phenology response to urbanization, and also to evaluate the uncertainty of our findings due to our methodology using a quantile regression approach.
The results show distinct differences in vegetation phenology between urban and rural areas throughout United States, with general trends of SOS beginning earlier and EOS and GSL extended in all urban areas, with stronger effect in large metropolitans. The average GSL difference among all vegetation types is about 9 days between corresponding urban and rural areas. We found the differences in ΔSOS and ΔEOS between urban and rural areas to be negatively and positively correlated with urban size, that is, an earlier SOS of approximately 1.3 days and a later EOS of around 2.4 days for a tenfold increase in urban size. The uncertainty analysis indicates that the extended ΔGSL ranges from 1.6 to 6.5 days for a tenfold increase in urban size for 25th~75th quantile levels, respectively, with a median value of 2.1 days.
Although this phenology response to urbanization is only an empirical relationship, it is useful for evaluating the influence of urban expansion on our living environment, given that the phenology is a good indicator of integrated human-natural system dynamic. These findings can be used to evaluate future change in phenology as relates to urbanization at the regional, national, and global scales, which is of great importance to urban policymakers and managers. Moreover, this observation-based urbanization and phenology relationship could be a practical way for use in the land component of Earth system models, especially for the urbanization-induced shifts in the timing of plant growth and the associated biogeochemistry-climate feedbacks. However, it should be noted that although the vegetation phenology of GSL is positively correlated with urban size, it is spatially heterogeneous among different climate regions and/or surface conditions (e.g., temperature, precipitation, and vegetation type), and the urban size can only explain parts of the phenology variations. This suggests a comprehensive analysis with inclusion of more environmental variables to further unravel the complexity of urban ecosystems. Our study offers a new quantitative approach to study the changes in vegetation phenology in responses to urbanization. Our methodology can benefit from new datasets with finer spatial resolution for further quantifying the impact of urban extent as well as phenology, and over multiple decades. For example, Landsat-based remotely sensed data provide finer spatial resolution for such a purpose (Walker et al., 2012) . In addition, Landsat data encompass the temporal coverage expanding from 1970s to present. Such dataset provides the opportunity to examine long-term phenology pattern and the combined influence of urbanization and climate change, as a complement to MODIS-based result. Also, given that urban area accounts for a relatively small portion of total land area with specific shapes or landscapes, phenology-based products and indicators at a fine spatial resolution are particularly useful for specific applications in the urban planning and management especially at the local to regional scales.
